Using both classical and quantum mechanical Monte Carlo methods, a number of properties are investigated for a single hydrogen atom adsorbed on palladium and nickel clusters. In particular, the geometries, the preferred binding sites, site specific hydrogen normal mode frequencies, and finite temperature effects in clusters from two to ten metal atoms are examined. Our studies indicate that hydrogen is localized in the present systems. The preferred hydrogen binding sites are found to be tetrahedral in clusters with five or fewer metal atoms and octahedral for clusters of six to ten atoms. The exceptions to this rule are Ni 9 H and Pd 9 H for which the outside, threefold hollow and the inside tetrahedral sites are preferred, respectively. Hydrogen induced ''reconstruction'' of bare cluster geometries is seen in seven and ten-atom clusters.
I. INTRODUCTION
Hydrogen/metal systems represent an interesting and important class of materials. Hydrogen's small mass and uniquely large isotopic variation, for example, give rise to a number of intrinsically quantum mechanical many-body phenomena. The unusual inverse isotope effects seen for hydrogen diffusion in palladium 1, 2 are examples of this point. Understanding the structure and dynamics of these hydrogen/metal systems is central to obtaining a detailed understanding of a variety of technologically significant areas. Hydrogen storage, material embrittlement, fuel cell development, and catalysis are all topics in which hydrogen's interactions with transition metals play a vital role.
From a theoretical point of view, metal/hydrogen systems pose both special challenges and unique opportunities. On the challenge side of the ledger, the highly quantum mechanical nature of these sytems typically means that one must deal with the full complexity of a finite temperature, many-body, quantum problem. While classically based methods are of some use, their ultimate applicability is limited. On the other hand, hydrogen represents arguably the simplest adsorbate. It is, therefore, perhaps the most promising system for obtaining first principles, microscopic estimates of the fundamental interactions.
Within the broad class of metal/hydrogen systems, clusters are of particular importance. Their high surface to volume ratio makes them ideal candidates for catalytic applications. Since many applications involve hydrogen, an understanding of the properties of metal/hydrogen clusters is of special significance. Bulk studies have shown that the transport 2 and vibrational spectroscopy [3] [4] [5] of hydrogen are very sensitive to substrate structure. The wide variety of geometries exhibited by clusters thus offers a noteworthy opportunity to examine such effects.
The present paper is a computational study of metal/ hydrogen clusters. Our purpose is to examine a variety of properties of nickel and palladium systems ranging from two to ten-metal atoms. Chosen because they constitute interesting dynamical extremes in the bulk, 2,3 these two fcc metals exhibit a variety of cluster geometries for different cluster sizes. Using a combination of classical and quantum Monte Carlo methods, we determine the geometries, preferred hydrogen binding sites, and site variation of hydrogen normal mode frequencies as a function of cluster size. All hydrogen isotopes are considered. Finally, path integral Monte Carlo methods are utilized to study finite temperature effects.
The embedded atom method ͑EAM͒ of Daw and Baskes 6 is utilized throughout. While it is, no doubt, an incomplete description of the present cluster systems, using the same potential in the current work as in previous surface studies 2, 3, 5 enables comparison of hydrogen's behavior in cluster and surface environments. Although we have chosen not to use them, we note that there are more recent EAM parameterizations for the nickel and hydrogen systems. 7, 8 Finally, we emphasize that none of the methods in the present study depend on the details of the potential used. More complete estimates of the microscopic interactions can and will be used as they become available.
The organization of the rest of the paper is as follows: Section II briefly reviews the EAM method. Classical potential minima for bare metal and hydrogen containing metal clusters are reported in Section III. Quantum mechanical effects on the ground state structure and hydrogen binding are examined in Sections IV and V through the use of normal modes, zero-point energy analysis, and diffusion Monte Carlo methods, respectively. Section IV also considers the variation of harmonic estimates of the vibrational frequencies with cluster size and binding site. Finally, Section VI examines finite temperature effects using path integral Monte Carlo͑PIMC͒.
II. EMBEDDED ATOM METHOD
In this section, we briefly review the EAM method. Details are discussed in the paper by Daw and Baskes. 6 EAM expresses the total energy of the system as
where F i ( h,i ) is the embedding energy of atom i in the host of the other atoms and Z i (r i j ) is the effective charge a distance r i j away from atom i. In the EAM formalism, the embedding energy depends on h,i , the electron density of the host at position r i without atom i. The electron density of the host is approximated by the sum of atomic densities of the atoms in the host
A linear combination of s and d orbitals calculated by Clementi 9 is used for the atomic densities of nickel and palladium. The embedding energy and effective charge are fit to experimental data for the bulk system. Even though EAM is fit to bulk data, previous research shows that EAM is robust and yields at least qualitative data for the structure and binding energies of clusters. A measure of the quality of EAM potentials for nickel clusters is obtained by comparing its predictions of cluster structure and binding energies with those obtained by other methods. Such a comparison is given in Fig. 1 12 ͑solid triangles͒. The structures predicted by EAM methods 10 are consistent with those inferred by Parks et al. 13 from N 2 absorption data with the exceptions of Ni 8 and Ni 14 .
Although less extensive than the results for nickel systems, EAM methods 14 have been applied to palladium clusters. Sachdev and Masel 15 have examined palladium clusters ranging from 5 to 60 atoms. For magic-number-sized clusters, those with complete symmetry, the most stable structures are icosahedral. Non-magic number sized clusters have polyhedral structures. 15 High resolution electron microscopy experiments on palladium clusters 16 report icosahedral structures. It should be noted, however, that the experimental clusters are larger than those studied using the EAM potential.
III. CLUSTER POTENTIAL ENERGY MINIMA
We now turn to the issue of cluster structure. In so doing we will be interested in the geometries of clusters with and without hydrogen. Anticipating non-trivial quantummechanical effects, it is important to distinguish between structures predicted by purely classical-mechanical methods, those predicted by approximate, zero-point energy based quantum analyses, and the structures that emerge from numerically exact, diffusion Monte Carlo calculations. The present section focuses on classical results. Sections IV and V subsequently consider the corresponding quantummechanical results.
A simplex method 17 is used to find the lowest potential energy structures of nickel and palladium clusters with 2-10 atoms with and without hydrogen. Between 1000 and 10 000 clusters in random configurations are used as starting points for the simplex minimization. The lowest energy structures with and without hydrogen are compared. For reasons of space detailed cluster structures are not presented here, but are available from the authors upon request.
Examination of the global minimum geometries for nickel clusters with a hydrogen atom reveals stable binding sites in tetrahedral, octahedral, and three-fold hollow sites. In clusters not large enough to have octahedral sites, binding in tetrahedral sites occurs. Once there are sufficient atoms to form octahedral sites, that is at least six, there is a preference for octahedral sites. For reasons that will be discussed below, the exception to this is the nine-atom-nickel cluster where hydrogen binds on an outside, three-fold hollow site.
Comparing the global minimum geometries of the nickel clusters with a hydrogen atom to those without reveals rearrangements of the nickel clusters with the inclusion of a hydrogen atom. Figure 2 shows the global potential energy minima of nickel clusters with a hydrogen atom. In general, the geometry of the nickel clusters with and without the hydrogen is qualitatively the same. Bond lengths change upon addition of the hydrogen by only a few percent. The largest bond length change, about five percent, occurs for Pd 7 . Ni 7 and Ni 10 , however, show significant changes upon addition of hydrogen. The global minimum potential energy structure of Ni 7 without the hydrogen is pentagonal with an atom cap- ping both the top and bottom as seen in Fig. 3 . The global minimum potential energy structure of the seven-atom-nickel cluster with the hydrogen has a structure incorporating a larger binding site for the hydrogen, namely an octahedral site. The preference of a larger hydrogen binding site is also seen in the ten-atom-nickel cluster as a comparison of Figs. 2 and 3 reveal. In both cases, where hydrogen induces a rearrangement of the cluster, the local minimum closest to the global minimum for the bare cluster has an octahedral site. These are examples of how the presence of a single hydrogen atom can lead to different substrate structures.
In general, the global minimum structures for nickel clusters with a hydrogen atom have the hydrogen bound inside the cluster. Once again the exception is Ni 9 H. In this case, the energy for hydrogen binding inside a tetrahedral site in the cluster is 0.03 eV higher than hydrogen binding outside the cluster. The most notable difference between the structure of Ni 9 H and the other structures in Fig. 2 is that enlarging a tetrahedral site to accommodate a hydrogen would compress adjacent tetrahedral sites. Using the present EAM potential, the preferred binding site of the hydrogen atom on the fcc ͑111͒ nickel surface is a three-fold hollow on the outside. 3, 6 The global potential energy minimum structures for palladium clusters with a hydrogen atom are the same as those for nickel clusters with the exceptions of Pd 7 H, Pd 9 H and Pd 10 is no rearrangement of the palladium atoms upon addition of the hydrogen to either the seven or ten-palladium-atom cluster. Further, for Pd 9 H, the tetrahedral site is preferred over the outside site. This is not surprising since hydrogen readily percolates 18 through bulk palladium but has to be ''pounded'' into nickel. 4 This suggests that palladium can accommodate hydrogen in its smaller binding sites far better than nickel can. The lattice constant in palladium is 3.89 Å while in nickel it is 3.52 Å. The difference indicates that the lattice structure is more open in palladium than in nickel. A similar trend is seen in the clusters. The distances between hydrogen and the metal atoms defining a tetrahedral site are 1.467 Å in Ni 4 H and 1.602 Å in Pd 4 H. The hydrogen-metal distances in an octahedral site are 1.662 Å in Ni 6 H and 1.815 Å in Pd 6 H.
Of the clusters under study, the one with a structure most similar to that of the ͑111͒ fcc surface is Ni 7 H. This cluster is the smallest where both octahedral and tetrahedral sites are simultaneously present. The classical binding sites for the cluster, in order of lowest to highest energy, are octahedral, tetrahedral, and finally surface. This ordering is significantly different from that in the infinite surface modelled with the same potential. In the Ni͑111͒ surface the corresponding classical ordering is surface site, octahedral site in the first subsurface layer, and lastly the tetrahedral site in the second subsurface layer. 3 From the results it would appear that the seven-atom-cluster is able to expand to accommodate the hydrogen internally. As the cluster size increases, however, the presence of the surrounding atoms apparently makes such an expansion energetically less favorable and thus alters the site preference.
While these clusters are not sufficiently large to model an infinite surface, the binding energies are already beginning to approach those calculated for various infinite surfaces. 3 Classical binding energies are found by subtracting the global minimum potential energy for the cluster with hydrogen from the global mininum for the cluster without hydrogen. Figure 6 shows the classical binding energies of hydrogen on the nickel cluster surfaces and the approach to the infinite surface values. The classical binding energies of hydrogen for the most stable binding sites on Ni͑111͒, Ni͑100͒, and Ni͑110͒ fcc surfaces, calculated with the same potential, are 2.56 eV, 2.66 eV, and 2.71 eV, respectively. 6 For the ten-atom cluster, the binding energy for hydrogen is already 3.643 eV. The palladium clusters show a similar pattern in binding energies as Fig. 7 reveals. The classical binding energies of hydrogen for the most stable binding sites on the Pd͑100͒, Pd͑111͒, Pd͑110͒ fcc surfaces are 2.91 eV, 2.91 eV, and 3.04 eV, respectively. 6 The ten-atom cluster is already at 3.852 eV.
IV. VIBRATIONAL FREQUENCIES
It is useful to perform normal mode analyses for the low-lying stable cluster structures of the present systems. Such frequencies and the classical potential energy minima provide a convenient, zero-point energy approximation to the quantum-mechanical energies of the isomers. Because they reflect both the potential energy minima and its local curvature, the ordering of such zero-point estimates of isomer energies may differ from the corresponding classical ordering.
A summary of the harmonic estimates of the ground state of metal clusters with a hydrogen atom is given in Table II . In preparing these results harmonic estimates of the ground state energies of nickel and palladium clusters with and without hydrogen are calculated assuming the structures are those corresponding to the classical potential energy minima. When subsequent diffusion Monte Carlo ͑DMC͒ calculations described in the following section reveal that the quantum ground state geometry differs from the classical prediction, normal mode estimates are also prepared for the isomer corresponding to the DMC ground state structure.
We see in Table II that The calculated normal mode frequencies show patterns similar to those seen in the Ni͑111͒ and Pd͑111͒ surfaces. The sites in the quantum-mechanical Ni 7 H and Pd 7 H structures are analogous to those in the fcc͑111͒ surface ͑cf. Fig.  8͒ . The C 3v symmetry of the cluster's hydrogen environment mimics the symmetry of the localized surface binding site. Consequently, the symmetries of the hydrogen vibrational motion are the same for the cluster and the surface, namely a symmetric A 1 state and a doubly degenerate E state. For Ni 7 H and Pd 7 H systems, the Ni-Ni frequencies range from 105 to 674 cm Ϫ1 while the Pd-Pd frequencies range from 80 to 402 cm
Ϫ1
. Vibrational frequencies for the hydrogen atom in the clusters and various surface sites are summarized in Table I . Analysis of the normal mode eigenvectors for the cluster reveals that there are three modes to which the hydrogen atom contributes significantly. Two correspond to degenerate frequencies associated with ''parallel'' motion while one mode is associated with ''perpendicular'' displacements. Parallel and perpendicular are defined here relative to the plane of the three atoms in the foreground of Fig.   8 . A comparison with surface data show that hydrogen vibrational frequencies on clusters are in general higher than those for hydrogen vibrating on the surface. Within a common EAM model, the seven-atom cluster and the ͑111͒ fcc surface exhibit the same type of behavior ͑i.e., the perpendicular vibration is of lower frequency than the parallel vibration except when the hydrogen occupies the tetrahedral sites͒.
From Table I we see that hydrogen's vibrational frequencies on surfaces and clusters decrease as one goes from an outside site to an interior octahedral site. This suggests that the geometry of the surroundings have a large impact on hydrogen's behavior. In discussing vibrational frequencies, however, it is important to keep a number of points in mind. First, the absolute quality of the predicted frequencies are a function of the quality of the underlying microscopic force law. More fundamentally, however, it may ultimately prove necessary to consider anharmonic effects in order to obtain an accurate description of the elementary excitations in the present systems.
V. GROUND STATES
While useful, the approximate quantum-mechanical treatments of Section IV are incomplete. It is therefore important to check the quality of the previous section's conclusions utilizing more rigorous methods. To that end we carry out diffusion Monte Carlo ͑DMC͒ ground state calculations for the present hydrogen/metal cluster systems. These we accomplish using importance sampling DMC techniques. Excellent reviews of the DMC method have been given elsewhere. 19, 20 The basis of the DMC method is that the Schrödinger equation when written in imaginary time (ϭit/ប) is
where m j is the mass of particle j, V(r) is the potential of the system, and (r,) is the wave function of the system. This is easily recognized as a diffusion equation with a growth/decay term. Solutions to this diffusion equation decay exponentially fast to the ground state. As a result, a simulation of diffusion and growth/decay processes for sufficiently long times yields ground state energies and wave functions. When importance sampling is included, the diffusion moves are biased in the direction of higher trial probability for the particle. Formally, the above equation is multiplied by trial wave function, T (r). Rearrangement leads to
where f ͑ r, ͒ϭ T ͑ r͒͑r, ͒. ͑5͒ This is a diffusion equation with a superimposed drift.
In the present work, we use a Gaussian trial wave function of the form
The values for d i j and c i j are found by minimizing the variance in the eigenenergy found by the trial wave function for configurations obtained using standard DMC. This is done for a cluster of two nickel atoms and a hydrogen. The resulting values for d i j and c i j are used in the trial wave function in the rest of the clusters. For physically reasonable choices, the ultimate results of the method are independent of the trial function used, although the efficiency of the approach varies with its choice. Ground states are found for palladium and nickel clusters with a hydrogen atom. Results are summarized in Table  II . All atoms are treated quantum mechanically. About 1000 walkers are used in the simulation. Initial walker configurations are generated by selecting replicas of approximately the ten lowest lying stable minima of the potential energy. Time steps ranging from 5 ϫ 10 Ϫ7 ps to 5 ϫ 10 Ϫ3 ps are used. The number of steps ranges from 10 000 to 100 000. From 5 to 10 independent runs are done for each time step. While DMC is exact in the limit of zero time step, the ground state energy found using the smallest time step value is not always preferred. In some cases, the ground state energy at the smallest time step has a larger variance than that at larger time steps because of serial correlations. In practice, we use a time step that provides simultaneously a small variance with a ground state energy that does not differ significantly from that found at smaller time steps.
Ground states are not found for all bare clusters since a harmonic approximation to the ground state energy represents these adequately. For example, the DMC ground state energies for Ni 7 and Pd 7 are Ϫ19.26Ϯ0.03 eV and Ϫ16.88Ϯ0.01 eV, respectively. The ground state energies using a harmonic approximation are Ϫ19.277 eV and Ϫ16.864 eV.
Our ground state studies indicate that hydrogen in these systems is localized. This agrees with the findings of Rick and Doll on the Pd ͑111͒ fcc surface modeled with EAM interactions. 5 The ground state structures of the clusters generally reflect the minimum potential energy structures. The exceptions are Pd 7 H and Pd 10 H systems. To gain insight into the details of these systems it is convenient to analyze the corresponding DMC ground state wave functions. In general, for an N-atom system the wave functions depend on 3N spacial variables. In order to portray this high-dimensional object, we have adopted the following procedure: We begin by noting that the DMC calculation consists of Markoff sequences of ''walkers'' in this 3N dimensional space. Each walker is a composite mathematical ''cluster'' in which the positions of the ''atoms'' correspond to those in physical systems. The DMC algorithm provides a set of stochastic rules by which the walker is advanced. It is important to recall that the walker configurations are representative of f͑r,͒. As becomes large, f͑r,͒ approaches 0 (r) T (r). Weighting each DMC configuration by 1/͓ T (r)͔ thus produces an object that is representative of 0 (r). In order to visualize the resulting configurations, it is convenient to divide three dimensional space into cells and to accumulate for the nth walker configuration, r n , a value of 1/͓ T (r n )͔ in the cells corresponding to the position of each ''atom'' of the DMC walker. The center of mass for the walker remains at rest during the calculation. Provided that the cluster does not rotate appreciably during the calculation ͑a condition that is met in the present work͒, isosurfaces of the resulting histogram provide a sense of the ground state wave function. Using similar procedures while constraining various atoms to be in determined positions would allow us to examine various projections of the many-body ground state. Representative isosurfaces of 0 (r) are shown in Fig. 9 for Pd 7 H and Pd 10 H. The observed structures of these clusters are similar to the structures of Ni 7 H and Ni 10 H. The minimum potential energy structures for these systems are shown in Fig. 2 . The quantum mechanical character of the hydrogen in these clusters seems to induce a preference for a larger binding site. In each case, the binding site is octahedral. If hydrogen is replaced by deuterium in the seven-atom cluster, then the preferred binding site reverts to the global minimum energy classical structure. The ground state energies of Pd 7 H, Pd 7 D, and Pd 7 T are Ϫ20.64Ϯ0.02 eV, Ϫ20.71Ϯ0.02 eV, and Ϫ20.76Ϯ0.02 eV, respectively. Finally, we examine the ground states for Pd 10 H, Pd 10 D, and Pd 10 T. The normal mode based, zero-point energy analysis of Section IV suggests that quantummechanical effects are important in determining the structure of this system. Using DMC methods, it is possible to check these predictions.
The DMC ground states for Pd 10 H, Pd 10 D, and Pd 10 T have the same dominant structure, namely that of the third lowest isomer shown in Fig. 5 . An interpretation of the ground state is shown in Fig. 9 . The ground state energies of Pd 10 H, Pd 10 D, and Pd 10 T are Ϫ29.63Ϯ0.02 eV, Ϫ29.67Ϯ0.03 eV, and Ϫ29.73Ϯ0.02 eV, respectively.
VI. FINITE TEMPERATURE ENERGY AVERAGES
The finite temperature energy averages are evaluated with the Fourier path integral method, in which the physical properties are obtained from the thermal density matrix (x,xЈ,␤). For a detailed description of the method, see Ref. 21 . Here we apply the temperature differentiation method ͑T method͒ to calculate the total energy. The T method utilizes the statistical mechanical expression
͑7͒
where the canonical partition function Q is
͑8͒
Using the expression for (x,xЈ,␤) ͑Ref. 21͒ derived from the Fourier path integral method, one gets the total energy for N quantum particles, with finite number of Fourier coefficients k max , as follows
where V a is the average of the potential over the Fourier path, and the average terms ͗•••͘ are over the density (x,xЈ,␤) with respect to the space coordinate x and Fourier coefficients a k . Equal-spaced trapezoidal rule quadrature is used for the potential integral over the path. The k max required for convergence increases as the system becomes increasingly quantum mechanical, as does the corresponding computational effort.
To speed up the convergence with respect to the number of included Fourier coefficients, a partial averaging method is applied to the calculation. A detailed description of the physical idea behind the partial averaging can be found in Ref. 21 . With partial averaging the resulting energy expression is
where V eff is the average of the Gaussian transform of the system potential over the Fourier path. The last term is present only when the partial averaging is being utilized. Gradient partial averaging methods described in Ref. 21 are used in the present work. When the path collapses to a single point, that is, the quadrature point for the potential integration is set to one, quantum effects go to zero. The energy expression reduces to the classical result ͗E͘ϭ͗V͘ϩ 3N 2␤
. ͑11͒
With the above formalism, we calculate the total energy of the Ni n H and Pd n H clusters utilizing EAM. Here k max ranges from 4 to 40 as temperature varies from 1060 K to 60 K. Test runs show that the quantum contribution of the metal atoms ͑M͒ increases with increasing cluster size, from 0.3% at M 2 H to about 1% at M 7 H. All the atoms are treated quantum mechanically in the calculation.
Sampling procedures are examined in the present work to determine whether or not configurations representative of different structured isomers are included. For example, the Monte Carlo configuration is quenched every 1200 moves via simulated annealing techniques. At temperatures above 500 K, transitions between structured isomers are observed. Below 500 K, the initial isomer is seen to persist throughout the entire one million Monte Carlo move run. FIG. 9 . Pd 7 H and Pd 10 H DMC ground state structures. One iso-surface of the DMC distribution of the atoms is shown. In Pd 10 H both octahedral sites are equivalent. In the simulation, hydrogen is started out at one of the octahedral sites. In the time of the calculation, hydrogen does not diffuse to the other octahedral site. The adiabatic potential energy barrier for hydrogen to diffuse from one octahedral site to the other is 1.336 eV.
Average energies are calculated as a function of temperature for different clusters for temperatures above 60 K. The total Monte Carlo moves for each energy data point is about 400 000. The error bar shown is one standard deviation. The results are compared with the ground state energy from DMC and the classical limit. Both quantum and isotopic effects are investigated. We use the global potential energy minimum as the initial configuration in the energy calculation.
The calculated PIMC results agree with the corresponding DMC results, as can be seen from Figs. 10 to 12. The PIMC energies approach the ground state energy as the temperature decreases. The finite temperature classical results also approach the minimum potential energy of the cluster as the temperature decreases. Among the clusters investigated, Ni 2 H and Pd 2 H are most quantum mechanical. This is confirmed by the results shown in Fig. 10 ), the approach to the classical limit with increasing temperature is rather slow.
As the size of the cluster increases, the system becomes less quantum mechanical and the energy gap between ground and first excited state becomes smaller. The calculated curve presented in Fig. 11 does not show a plateau. The absence of a plateau indicates that the first excitation occurs below 60 K. A much faster approach of the PIMC result to the classical limit can be seen from the figure as compared with that of smaller clusters. Figure 12 presents the comparison between Pd 7 H and Pd 7 D clusters. The difference in the quantum calculation between these two isotopes is a result of the difference of the quantum contribution from H and D. No abnormal isotope effects are observed.
VII. CONCLUSION
The present paper has examined the properties of Ni n Hi and Pd n H clusters with nр10 using a variety of methods. For the optimum cluster geometry, tetrahedral sites are found to be the binding sites for H for nр5, whereas octahedral sites are the preferred sites for nу6. The exception to this rule are Ni 9 H and Pd 9 H for which the outside three-fold hollow and inside tetrahedral sites are the preferred binding sites, respectively. Hydrogen appears to prefer larger binding sites, a result that leads to hydrogen induced rearrangement in Ni 10 H clusters. Because of differences in metal-metal bond lengths, no analogous rearrangement is found in palladium clusters.
DMC calculations show that hydrogen is localized in the present systems. This is consistent with previous surface calculations modeled with the same EAM potential. DMC ground state structures are similar to the global potential energy minima with the exceptions of Pd 7 H and Pd 10 H. These exceptions reflect the role of both the potential and its curvature in influencing structure.
Finally, finite temperature effects are examined by numerical path integral methods. Quantum contributions from the metal atoms are found to be non-negligable for the total energies, representing up to 1% of the total energy for seven-metal-atom clusters. Path integral calculations confirm that cluster isomerization is an activated process. The activated nature of the isomerization suggests that care must be exercised to assure proper low temperature sampling. 
